I . Ten calves (50-58 kg live weight) were given a diet consisting of diluted whole milk, wheat gluten and supplemented with appropriate nutrients including amino acids but deficient in lysine. The lysine requirements of these calves, which were growing at approximately 0.25 kg/d, were estimated from responses to lysine supplementation of this diet. From plasma urea, plasma lysine, nitrogen retention and apparent digestibility of N responses the estimated lysine requirements were 8-5, 7.5, 7 2 and 7.6 g/d respectively. The wide range of results from these studies suggests the need for further research. In the present paper changes in plasma amino acid (PAA) and plasma urea (PU) concentrations and in growth rate and nitrogen-balance, in response to lysine supplementation of a lysinedeficient diet, were measured to assess the lysine requirements of the preruminant calf. From the lysine requirement estimates of the requirements for the other EAA were made from the ratio EAA : lysine in the body of the preruminant calf (Williams, 1978) by the carcass analysis method of Williams et al. (1954).
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containing the following amino acids (g) : threonine 0.39, valine 0.54, methionine 0.23, isoleucine 0.42, leucine 0.49, histidine 0.10, tryptophan 0 -1 I , glutamine 1.70. Glutamine was decreased with increasing lysine to maintain equal N in all diets. The composition of the synthetic diet was designed to simulate the composition of cow's milk except for lysine. Since the cystine content of wheat gluten is approximately double that of milk the total SAA content of this diet was in excess of requirements (Williams & Smith, 1975) . Other EAA are considered (Robert, 1971 ; Patureau-Mirand et al. 1974 ) to be present in adequate quantities in cow's milk. Whole milk was included to retain some of the clotting characteristics. To each synthetic diet, mineral solutions A, B and C (Coombe & Smith, 1973) were added at levels of 24,42 and 22 ml/kg diet respectively. The amino acid, milk and mineral components of the synthetic diets were mixed just before feeding and the whole mixture homogenized for 5 min using a Silverson homogenizer (Model AX; Silverson Machines, London SEI). Amino acids were obtained from SAS Scientific Chemicals Ltd, London and the L-forms were used throughout.
Sampling of blood Jugular blood samples were taken from each calf at 13.00 hours on the last day of each period by the procedure described by Williams & Smith (1975) .
Determination of N balance N retention and apparent digestibility of N were determined by the technique described by Barber el al. (1971) for 20-60 kg pigs. Urine, faeces and hair were collected daily on the last 5 d of each experimental period. The calves were weighed at the start and finish of each 5 d collection period.
Analytical methods
The total N in milk, wheat gluten, faeces, urine and hair was determined by a microKjeIdahl method (Smith & McAllan, 1970) . Amino acids in milk, wheat gluten and plasma and urea-N in plasma were determined by the methods described by Williams & Smith
Experimental design and statistical analysis A balanced incomplete block design was used (Type 111; Cochran & Cox (1957) ). Ten calves formed the blocks and each calf received three of the six diets in random order. Each diet was given to five calves. The statistical analysis was as described by Cochran & Cox (1957) and treatment means, adjusted for calf effects, are presented.
The lysine requirement was assessed in two ways. First, two straight lines were fitted to the values to relate response to dietary intake. One line was restricted to diets that appeared to be deficient and the other to diets that were deemed to be adequate. The lysine intake at the intersection of these lines was taken to be the requirement. The second approach involved fitting quadratic relationships to the values and identifying the ranges of lysine intake that were associated with small and large changes in response. The requirement was taken to be the intake between these ranges.
(1975).
RESULTS
The effects of the addition of lysine to the lysine-deficient diet on live-weight gain (LWG), N retention, apparent digestibility of N (ADN), plasma lysine and plasma urea are given in Table I . Initially each increase in the level of dietary lysine led to a marked increase in LWG, N retention and ADN, but at the highest levels of supplementary lysine there was little change in response except for ADN which decreased. Increasing the levels of dietary lysine led to a marked decrease in PU concentrations when the supplements were small but showed little response to increasing amounts of supplementary lysine when the supplements were large. Increasing dietary lysine supplements had little effect on plasma lysine when the supplements were small but caused plasma lysine to increase markedly when the supplements were large.
Lysine requirements. The results for each measurement are plotted v. lysine intake in Fig. I . The linear relationships for points above and below the requirement are given on the figures and the lysine levels corresponding to the points of intersection (taken to estimate lysine requirement) are given in Table 2 . Quadratic relationships also fitted the values satisfactorily as indicated by the linear and quadratic effects given in Table I . Plots (not presented here) of these quadratic relationships were also used to assess requirements (given in Table 2 ) as indicated later.
The responses of N retention and ADN to dietary lysine supplementation would be represented as two straight lines one increasing and the other horizontal or decreasing ( Fig. I c, d ). These indicated requirements of 7.2 and 7.6 g/d respectively but in both instances the relationships were not significant and so confidence limits could not be calculated. The levels of lysine above which there was little further change in response according to the quadratic curves were 8-9 and 7-8 g/d respectively. ADN did decrease however at the uppermost level of lysine intake. LWG showed a similar response to N retention and ADN but any lysine requirement based on it was considered to be unreliable due to the limited variation in the values. The calves were weighed to the nearest kg and individual weight gains only ranged from o to 3 kg. A contributory reason for the large animal variation is the difficulty of measuring accurately such a low growth rate (0.25 kg/d) in an animal as large as a 50-58 kg calf. A lysine requirement based on LWG was estimated from the intersection of linear regression lines (Table 2) but it was excluded from calculation of the mean lysine requirement.
PAA response curves have also been used to determine amino acid requirements (Zimmerman & Scott, 1965; Lewis & Speer, 1973; Brown & Cline, 1974) by using the fact that with increasing dietary supplementation with the limiting amino acid its plasma concentration remains at a low, relatively constant level until the requirement is met, after which it increases rapidly. In the present study this type of response was observed for plasma lysine (Fig. I b) . The point of intersection of these two different types of response indicated a lysine requirement of 7.5 g/d. The lysine requirement estimated from the fitted quadratic relationship as the intake above which there were large increases in response was 6-7 g/d (Table 2) . Total plasma EAA (excluding lysine) concentrations decreased as the dietary lysine level increased indicating improved amino acid utilization (Lewis & Speer, 1973 ; Chi & Speers, 1977 ) but a two-phase response like that for plasma lysine was not observed.
PU response curves have been used to determine amino acid requirements in several species (Lewis & Speer, 1973; Kirk & Walker, 1976a, b) by using the fact that as the dietary amino acid balance is improved by supplementation with the limiting amino acid, protein synthesis is increased, less non-limiting amino acids are catabolized and the amount of urea, the primary end-product of amino acid catabolism, in plasma is decreased. When the requirement for the limiting amino acid is met PU remains at a low, relatively constant level. In the present study this type of two-phase response was observed for PU (Fig. I a) with an intersection at 8.5 g lysine/d ( Table 2 ). The quadratic relationship was treated in the same way as that for N retention. There was little change in PU when dietary lysine was increased above 8-9 g/d ( Table 2) .
Essential amino acid requirements. Jn growing animals, if the requirement for one amino acid such as lysine with no known function other than for the synthesis of tissue protein is known, then the requirement for the other EAA may be estimated from the ratio, EAA: lysine in the body (Mitchell, 1950; Williams ef al. 1954) . The EAA composition of the bodies of similar preruminant calves to those used in the present study was determined in a separate experiment (Williams, 1978) . The requirements estimated from a mean lysine requirement of 7.8 g/d are given in Table 3 . It is recognized that this procedure cannot give precise values for reasons discussed more fully later. 
(Williams, 1978). D I S C U S S I O N
There are practical and economic limitations to the estimation of the amino acid requirements of the preruminant calf. It is very expensive to produce a diet that is markedly limiting in one EAA and in which all (Tzeng, 1974) or almost all (Williams & Smith, 1975; Foldager et al. 1977 ) of the amino acids are provided in crystalline form. It is cheaper to replace some of the milk protein with an alternative protein which is markedly deficient in one EAA to produce a diet which is palatable and does not result in digestive disturbances. A protein that satisfies these requirements is wheat gluten (Williams, 1974) which has a very low lysine content and is readily digested. Its amino acids should therefore be absorbed at a similar rate to those of milk protein and to free amino acid supplements ensuring optimum utilization The problem in experiments to determine amino acid requirements is to interpret the changes in some measure of response (e.g. weight gain, plasma urea) that occur when the amount of the limiting amino acid is varied. Arbitrarily, the observations may be divided into groups corresponding to treatments that are (a) deficient and (b) adequate. The dietary intake at the intersection of the straight lines fitted through these two groups of points is then taken as the requirement. This approach is exemplified in Fig. I . There are critics of this method, however (Hegsted, 1973) . Even if the response in an individual calf is discontinuous the average response for a group of calves would be a curve. It follows that the requirement obtained will depend on the levels of the amino acid tested and on the subjective division of the observations into the two groups. It seemed more realistic to fit polynomial curves to the results. The lysine requirement was then assessed (subjectively) from the quadratic curves. The mean lysine requirement (7.8 g/d) was the same for both methods although there were large differences between the methods for the lysine requirement based on plasma lysine and N retention responses. In our studies on the methionine requirements of the preruminant 1974). calf (Williams & Smith, 1975 ) the responses of plasma methionine and PU to dietary methionine supplementation were used to estimate the requirement and no direct examination of responses in animal performance was made. Each of these methods of estimating amino acid requirements has been shown for other species (Zimmerman & Scott, 1965; Lewis & Speer, 1973 and recently for the preruminant calf (Tzeng, 1974; Foldager et al. 1977) to give a value which corresponds to an intake of the amino acid at which maximum N retention and growth are attained. This is confirmed in the present study although the value obtained from PU response is rather higher than the others. This is surprising since only Foldager et al. (1977) found that PU was quite insensitive for measuring methionine requirements.
The estimated lysine requirements in this study, 7.8 g/d (0.43 g/kg body-weight (W)o.7a per d) for 50-58 kg calves growing at 0.25 kg/d, was much lower than the value, 12.6 g/d (0.78 g/kg W0.75 per d) reported by Foldager et al. (1977) for 43 kg calves growing at about the same rate. It is probable that this very high value was due to its having been calculated by the carcass analysis method using methionine as the reference amino acid. Since methionine is not only used for tissue synthesis but as a methyl donor and in the synthesis of S-containing compounds its use in the carcass analysis method should be avoided (Williams et al. 1954) . For example, the cystine intake in the studies of Foldager et al. (1977) represented about 25 yo of the total SAA requirements. No direct information is available for the calf, but in the pig it is assumed that cystine can contribute approximately half the SAA requirements (see Agricultural Research Council, 1967) . If this is so, part of the methionine received by the calves must have been used to satisfy the cystine requirements. It is therefore difficult to define the methionine requirement in absolute terms and if this value was overestimated by Foldager et al. (1977) it would result in an over-estimate of the requirements for the other EAA. (Patureau-Mirand et al. (1973b) ). It is probable that their very high values were related to the rapid growth of their calves but no significant improvements in growth rate were found with increasing lysine supplementation and more information to explain the apparent discrepancies is required.
Apart from the studies of Patureau-Mirand et al. (1974) and Foldager et al. (1977) there has been little work designed to study the requirements of the calf for EAA other than lysine or the SAA. The EAA requirements estimated by Patureau-Mirand et al. (1974) from the accumulation of amino acids in the blood of calves given dietary proteins of different amino acid composition are, except for arginine, between two to three times higher than those found in the present study. This again is probably due to the much higher growth rate of their calves. Except for histidine the EAA requirements estimated by Foldager et al. (1977) are from approximately one-to two-thirds higher than those found in the present study. This is probably, as in the instance of lysine, due to the use of methionine as the reference amino acid.
The histidine requirements were similar because the histidine content (14.7 g/kg crude protein (N x 6-25) (Jakobsen, 1957) ) of the calf carcasses used in the calculations of Foldager et al. (1977) was much lower than that used in the present study (24.6 g/kg crude protein (Williams, 1978) ). This highlights one of the criticisms of the carcass analysis procedure (Ericson, 1961) . Whilst it is recognized that this procedure cannot give the most precise measure of amino acid requirements there is evidence for other species (Williams et al. 1954; Buraczewski, 1973 ) that requirements for growth determined in this way agreed closely with those estimated by alternative procedures. Indeed some of the values for the rat estimated by Williams et al. (1954) are still incorporated in standard tables of nutrient requirements (Warner & Breuer, 1972) . The alternative procedures themselves are not without their critics (Hegsted, I 976) . Clearly the carcass analysis procedure estimates only the amino acid requirements for tissue protein synthesis and will therefore underestimate the requirements for those amino acids needed for other functions such as methionine, tryptophan, tyrosine, phenylalanine and arginine. For example the total SAA requirements estimated in the present study were 3.7 g/d compared with the 4.5 g/d estimated by alternative methods (Williams & Smith, 1975) . This confirms that cow's milk, given at the same level of intake as the synthetic diet used in these experiments, would provide no surplus of SAA ( Table 3 ). The information provided by the carcass analysis procedure is probably sufficiently precise to speculate that cow's milk should contain adequate amounts of the other EAA except for arginine ( Table 3) . This confirms the view of Robert (1971) who concluded that although the SAA might be limiting in cow's milk most of the other EAA appeared to be present in excess. The exception is arginine which, since cow's milk would provide only approximately 60% of the requirement estimated in the present study, must be synthesized by the calf. Arginine has been found to be synthesized in the tissues of the cow (Black et al. 1957 ) and the sheep (Downes, 1961) . It is probable that the preruminant calf would only receive insufficient EAA when given diets in which milk protein is replaced by substantial amounts of alternative proteins. For example, an unsupplemented synthetic diet comparable to the cow's-milk diet in which isolated soya-bean protein (ISP) replaced milk protein would supply only 1-3 g methionine and 1-4 g cystine and would be markedly deficient in SAA and supplementation of such a diet with methionine was reported to improve N retention of calves (Porter & Hill, 1964) . If the ISP replaced only 50y0 of the milk protein it would probably contain adequate amounts of EAA (Table 3) , but a corresponding wheat-gluten diet, apart from being severely deficient in lysine would be barely adequate in threonine and histidine. Support for the adequacy of cow's-milk diets is given by the many experiments in which supplementation with methionine or lysine or both have failed to improve animal performance (Odorico & Brette, 1968; Bakker, 1968; Van Hellemond & Iwema, 1971; Patureau-Mirand et al. 1973) . It is possible that the present estimates of the requirements of most of the EAA for the preruminant calf may be sufficiently precise for most circumstances (Patureau-Mirand et al. 1974a,b) particularly in view of the limited scope for dietary manipulation in the preruminant calf and the subsequent difficulties of estimating the requirements.
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